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I. INTRODUCTION 
The increasing use of atomic energy as a source of power 
is creating demands for new and better metals. A factor 
which seriously limits most of the materials used in a 
nuclear reactor is that such materials must have low neutron 
capture cross sections. Both yttrium and aluminum have low 
capture cross sections for thermal neutrons, and for this 
reason it may be practical to use their alloys in certain 
reactor applications. 
Aluminum is a soft, silvery-colored metal with an 
atomic number of 13» an atomic weight of 26.97 and an atomic 
radius of 1.43%. Its density is 2.699 grams per cubic 
centimeter. Aluminum has a melting point of 660.2°C. and a 
boiling point of 2060°C. The structure of aluminum is face-
centered cubic with a lattice constant of 4.0490%. The 
thermal neutron capture cross section of aluminum is about 
0.23 barns. 
Yttrium is a silvery-colored metal having an atomic 
number of 39 and an atomic weight of 88.92. It3 atomic 
radius is 1.80&. A melting point of 1509°C. has recently 
been reported (1) for high purity yttrium. Herrmann et al. 
(2) have given the density of yttrium as 4.472 grams per 
cubic centimeter. This metal exhibits two allotropie forms 
(3). Up to l495°C. yttrium has a close-packed hexagonal 
structure with lattice constants (2), a = 3-6472. and 
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c = 5.73lS. In the temperature range from 1^95°C. to its 
melting point, yttrium has a body-centered cubic structure. 
Yttrium has a thermal neutron capture cross section of about 
1.2 barns. 
From the solubility rules of Hume-Rothery (4), very 
limited solid solubility of each metal in the other would 
be expected as the two atoms differ in atomic radius by more 
than 15 per cent. Inasmuch as aluminum is a face-centered 
cubic metal and yttrium is a close-packed hexagonal, there 
must exist at least one composition range in which the solid 
alloys are composed of two phases. By comparison with the 
analogous lanthanum-aluminum alloys (5)> one would exnect 
to find one or more intermetallic compounds between yttrium 
and aluminum. 
Often a knowledge of the phase diagram is useful in 
directing the course of an investigation into the nature, 
behavior and potentialities of alloys being studied. It was 
considered pertinent, therefore, to develop, early in the 
work, a diagram that would represent the system of aluminum-
yttrium alloys. 
The phase diagram was derived by thermal analyses, 
x-ray diffraction and metallographic techniques. Some 
thermochemical properties of some of the intermediate phases 
found in the alloy system were determined by combustion 
calorimetry. A study of the effect of aluminum on the 
3 
hydrogen absorbing capacity of yttrium was also conducted. 
Some mechanical properties of various yttrium-aluminum alloys 
were determined. A limited study of the corrosion resistance 
of some of these alloys in high temperature water and in air 
at elevated temperatures was made. 
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II. HISTORICAL 
Since massive yttrium metal has been available in 
relatively large quantities for only a few years, it is not 
surprising to find that the literature on yttrium-aluminum 
alloys is very limited. 
Savitskiy and Terekhova (6) have reported that yttrium 
and aluminum react to form a eutectic mixture. They also 
reported that the addition of yttrium to aluminum results in 
a significant increase in hardness. 
Savitskii et al. (7) have proposed a phase diagram for 
alloys containing from zero up to 60 weight per cent yttrium. 
Their diagram shows a eutectic temperature of 635 £ 5°c» at a 
eutectic composition of approximately 9*5 weight per cent 
yttrium. A peritectic compound A1^Y2 which forms at 1390 £ 
10°C. was also claimed. According to these authors the solid 
solubility of yttrium in aluminum is 0.2-0.3 weight per cent 
at 635°C. 
Investigations at the Denver Research Institute (8) have 
led to a proposal of a tentative yttrium-aluminum phase 
diagram. This diagram shows three eutectics, three peritec­
tic compounds, YAl^, YA1 and Y2A1, and. two congruently 
melting compounds, YA12 and Y^Al2. 
The aluminum-rich eutectic has its temperature horizon­
tal at 650°C., and this eutectic composition is ten weight 
per cent yttrium. The yttrium-rich eutectic is located at 
5 
970°C. and 91 weight per cent yttrium. The other eutectic 
in this system was reported to be one between the compounds 
YA1 and Y^Alg. This eutectic temperature is given as 1085°C. 
and the composition as 81.25 weight per cent yttrium. 
Formation temperatures of the compounds YAlg and YA1 
were given as 1355 and 1165°C., respectively. For the 
compound YgAl no peritectic temperature was given, but from 
the diagram one would read the temperature to be about 1010°C. 
The congruently melting compounds YAlg and Y3AI2 were 
reported to have melting points of 1455 and 1090°C., 
respectively. 
The extent of yttrium solubility in aluminum at 650°C. 
was given as less than 0.1 per cent by weight. The aluminum 
solubility in yttrium at the yttrium-rich entectic tempera­
ture was thought to be less than 0.01 weight per cent. 
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III. MATERIALS 
The aluminum used for alloy preparations in these studies 
was Alcoa 99.99 per cent notch bar ingot. The analysis 
furnished with the shipment was as shown in Table 1. 
Table 1. Impurities in Alcoa 99*99% aluminum notch bar 
ingot 
Impurity Impurity concentration (per cent) 
Cu <0.001 
Fe <0.001 
Si <0.001 
Mg <0.000 
Yttrium for this investigation was prepared at the Ames 
Laboratory of the Atomic Energy Commission. Briefly, the 
metal preparation (9) involves a reduction of yttrium 
fluoride with calcium in the presence of anhydrous calcium 
chloride and magnesium metal. The resultant CaFg-^O^ CaClg 
slag floats on the yttrium-24 per cent magnesium-three per 
cent calcium alloy. After crushing, this alloy is heated in 
a vacuum to remove the calcium and magnesium. The yttrium 
sponge is then pressed into bars and consumable arc-melted 
to an ingot. 
The analytical data for this metal are given in Table 2. 
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Table 2. Impurities in yttrium metal ingot 
Impurity Impurity concentration (ppm) 
C 119 
N 91 
Fe 101 
Ti 134o 
Ca 12 
Mg <30 
0 2170 
Cu 45 
Si 140 
Ni 240 
B <10 
It is estimated on the basis of these data that the 
yttrium content of the yttrium metal employed in this 
investigation was in excess of 99*5 weight per cent. 
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IV. PHASE DIAGRAM STUDIES 
A. General Plan 
In the development of the phase diagram in this effort, 
data v;ere obtained from thermal analyses run on various 
alloys. X-ray diffraction and metallographic techniques were 
used to obtain additional information. 
Alloys for these studies were prepared by heating, in a 
crucible, the desired quantities of the two metals. It was 
very generally observed in these alloy preparations that, at 
a temperature of approximately 950°C., an exothermic reaction 
occurred between the liquid aluminum and the solid yttrium. 
For many alloys the heat liberated by this reaction was 
sufficient to melt the entire mass of metal in the crucible. 
B. Thermal Analyses 
Thermal analyses were run in a helium atmosphere. 
Before filling the system with helium, the system was 
evacuated to a pressure of less than one-half micron of 
mercury. 
Cooling curves were obtained by positioning a chromel-
alumel thermocouple just outside of a tantalum crucible 
containing the alloy. The millivoltage from the thermocouple 
was indicated and recorded by a Bristol electronic potentio­
meter, having a manually-adjusted cold junction compensator. 
It soon became evident that this technique was satisfactory 
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only for detecting relatively large thermal effects. For this 
reason the apparatus was modified. 
The first change was that of using crucibles which had 
thermocouple wells extending up through the bottoms to a 
height approximately two-thirds that of the crucibles. This 
allowed the thermocouple to be located approximately at the 
center of the mass of metal whose thermal effects were to be 
determined. A modification which gave better reproducibility 
of results was the addition of an ice bath at the cold 
junction of the thermocouple. In this way errors due to 
changes in room temperature were eliminated. A diagram of 
the apparatus as it was used is shown in Figure 1. 
For those alloys containing from zero up to and includ­
ing 45 weight per cent yttrium, as well as those between 80 
and 96 per cent yttrium, a chromel-alumel thermocouple was 
used for obtaining thermal data. Alloys having in excess of 
45 per cent yttrium but less than 80 per cent exhibited 
thermal effects at temperatures near or above the practical 
working range of a chromel-alumel couple, and for this reason 
a platinum-platinum / 13 per cent rhodium thermocouple was 
used for obtaining thermal data on these alloys. 
Since tantalum crucibles are used in the production of 
high purity yttrium metal, it was decided to use this metal 
as a crucible material for yttrium-rich alloys. Some data on 
these alloys were also obtained using an yttria crucible. 
Figure 1. Diagram of apparatus for thermal analyses. 
11 
SIGHT GLASS 
WATER COOLED HEAD 
NEOPRENE GASKET 
INDUCTION COIL 
QUARTZ TUBE 
PYREX JAR 
CARBON INSULATION 
GRAPHITE HEATER 
CRUCIBLE 
ALLOY 
SLIT GRAPHITE 
SLEEVE 
THERMOCOUPLE 
CERAMIC BASE 
NEOPRENE GASKET 
TO VACUUM 
12 
For aluminum-rich alloys, aluminum oxide crucibles were 
generally used. For the purpose of checking reproducibility 
of results, beryllium oxide crucibles were also used for one 
series of alloys containing up to about 50 per cent yttrium. 
As a further check on reproducibility, a tantalum crucible 
was used to contain a series of alloys containing from zero 
up to 15 weight per cent yttrium. 
Because of the large number of cooling curves necessary 
to get the thermal data for developing this diagram, it was 
desirable to avoid preparation of a separate alloy for each 
thermal analysis. Alloys having various nominal compositions 
were obtained consecutively by making small additions of 
yttrium to an alloy. By successive additions data could be 
obtained on alloys covering a range of composition. When, as 
a result of repeated yttrium additions, the mass of metal 
filled the crucible, a new alloy was prepared and, by more 
additions, another composition range could be analyzed. 
It was recognized that in placing solid yttrium on a 
solidified alloy, a temporary composition gradient would 
exist within the charge. In an attempt to eliminate this 
inhomogeneity, the alloy was heated to a temperature suffi­
ciently high to get reaction between the alloy and the added 
yttrium. The charge of metal was then held for approximately 
15 minutes at a temperature somewhat above the anticipated 
liquidus for that composition. After a cooling curve had 
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been obtained, the alloy was reheated, held at a temperature 
above the expected liquidus and again allowed to cool so that 
a second curve could be obtained. This procedure was 
repeated a sufficient number of times so that corresponding 
thermal effects on two consecutive cooling curves were at the 
same temperatures. Pertinent data are given in the appendix. 
Alloys containing from near zero up to about '30 weight 
per cent yttrium gave a thermal effect which showed general 
characteristics of a eutectic region. However, the cooling 
curve s for alloys containing under 12 weight per cent yttrium 
showed a break of the type normally observed for a eutectic 
horizontal but at temperatures which decreased nearly 
linearly with yttrium content. For a 12 weight per cent 
yttrium alloy and for a one per cent alloy, the supposed 
eutectic occurred at 644 and 635°C.» respectively. Since a 
nine weight per cent yttrium alloy showed only a single 
thermal effect, this was believed to be the approximate 
eutectic composition. 
In an attempt to resolve the anomalous sloping of the 
experimental line believed to represent a eutectic horizontal, 
cooling curves were run on a four weight per cent yttrium 
alloy, employing various cooling rates. It was felt that a 
very slow rate of cooling would tend to eliminate under­
cooling and thus allow the eutectic to form at a temperature 
close to its equilibrium value. No difference in the 
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temperature of eutectic formation was found for the various 
cooling rates used. The possibility that the 644°C. eutectic 
temperature might be too high was not likely, since no factor 
is known which would cause, on cooling, eutectic formation at 
a temperature above the true equilibrium value. Therefore, 
at this time the eutectic temperature must be reported as 
640 £ 5°C. 
In an attempt to determine, approximately, the solid 
solubility of yttrium in aluminum at this eutectic tempera­
ture, cooling curves were run on alloys containing 1.0, 0.5? 
0.2, 0.1, 0.05 and 0.02 weight per cent yttrium. All except 
the 0.02 weight per cent yttrium alloy gave the eutectic 
thermal effect. Thus, the solid solubility of yttrium in 
aluminum at the eutectic temperature is less than 0.05 weight 
per cent. 
From this nine weight per cent eutectic point, the 
liquidus breaks on the cooling curves rose through 9S0°C. 
at 3u weight per cent yttrium to higher temperatures on 
increasing the yttrium. At a composition of about 31 weight 
per cent yttrium, an additional thermal effect was noted at 
980°C. This effect, as well as the eutectic, was observed in 
alloys containing up to and including 60 weight per cent 
yttrium. The liquidus reached its maximum at 62 weight per 
cent yttrium, corresponding to the compound YAlg which has 
been reported in the literature (10). 
It was interesting to note, with regard to this 980°C. 
horizontal, that both this horizontal and the eutectic ex­
tended to the compound YA12. If the higher of these two 
isotherms was due to the formation of a peritectic compound 
and the alloys were at equilibrium, then the eutectic hori­
zontal should not extend beyond the peritectic composition. 
In an attempt to explain the extension of this thermal effect 
as possibly a coincident allotropie transformation in YA12, 
a thermal analysis was run on a sample of this compound 
contained in a tantalum crucible. On cooling, this compound 
exhibited a thermal effect only at its freezing point of 
l485°C. Thus, the possibility of such an allotropie trans­
formation in YA12 was considered to be quite unlikely. 
Probably the most plausible explanation of the continued 
presence of the eutectic thermal effect near YA12 is that 
the peritectic reaction between YA12 and the aluminum-rich 
liquid was incomplete. This could occur due to envelopment 
of the primary YA12 crystals by peritectic compound formed at 
the solid-liquid interface as the alloys cooled. This layer 
of compound could then act as a diffusion barrier and so 
inhibit further peritectic reaction leaving an aluminum-rich 
liquid phase which would exhibit the observed eutectic 
thermal effect. 
From its maximum at YA12, the liquidus temperature 
decreased regularly with increasing yttrium. Alloys 
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containing between 70 and 79 weight per cent yttrium 
exhibited, at 1130°C., an additional thermal effect which was 
interpreted as a peritectic temperature. Cooling curves on 
alloys containing from 80 to 34 per cent yttrium showed 
thermal effects characteristic of a simple eutectic having 
its temperature horizontal at 1088°C. At about 84 weight per 
cent yttrium, the liquidus showed, at 1100°C., another 
maximum which indicates the presence of another congruently 
melting intermetallic compound. Those alloys having from 86 
to 89 weight per cent yttrium gave, at 985°C., a thermal 
arrest which was interpreted as evidence of another peritec­
tic reaction. Thermal analyses of alloys having compositions 
from 87 to 96 weight per cent yttrium showed formation of a 
eutectic at 91 weight per cent yttrium and 960°C. The 
liquidus temperature seemed to rise rapidly from this eutec­
tic point toward the melting point of yttrium. 
From these thermal data, it appears that this system 
contains three eutectics, two congruently melting compounds 
and possibly three peritectics. 
C. X-ray Studies 
For the purpose of confirming the compositions of the 
intermetallic compounds, as well as obtaining crystallo-
graphic data on some of the compounds in the yttrium-aluminum 
system, standard Debye-Sherrer and Weissenberg x-ray cameras 
were used. The powder camera employed had a radius of 5» 73 
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centimeters. This specific dimension simplifies calculations 
because angles in degrees may be found simply by multiplying 
line distances on the film, in millimeters, by a factor of 
five. Values of sin2© are then obtained directly from tables 
2 listing G in degrees with corresponding sin Q values. 
In order to eliminate, in the diffraction lines, broad­
ening caused by the distorted lattice of any strained sample, 
it was necessary to anneal all powdered samples prior to 
making the patterns. To prevent oxidation of the samples 
during uhe annealing process, the powders, plus a few 
zirconium turnings to remove residual atmospheric oxygen, 
were sealed under vacuum in pyrex tubing. Prior to placing 
the tubes in the furnace, the zirconium turnings were heated 
to a dull red heat. The annealing was accomplished by holding 
the encapsulated samples at a temperature of 500°C. for a few 
hours. 
Preparatory to exposing each annealed, powdered sample 
to K* copper radiation, a glass fiber having a layer of 
silicone grease on it was drawn through the powder in such a 
manner that a uniform coating of powder was obtained on the 
fiber. The fiber, with sample on it, was then placed in the 
camera and properly aligned with the camera collimator slit 
so that, on rotating the specimen, no observable precession 
occurred. The camera was then loaded with photographic film, 
mounted and properly aligned with the x-ray beam. The 
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rotating sample was exposed to the radiation for approxi­
mately three hours. At the end of that time, the film was 
developed, fixed, washed and dried. Indexing was carried out 
according to techniques suggested by Cullity (11). 
A pattern produced from a sample of YAlg revealed a 
face-centered cubic structure having a lattice constant of 
7.86 This is in excellent agreement with the value 
reported in the literature (10, p. 652). 
From the termination points of the temperature horizon­
tals, it seemed probable that YA1 and Y^Alg were two of the 
other compounds present in this system. X-ray diffraction 
patterns produced on samples of alloys of these compositions 
indicated that they had structures which were unique for the 
system. The YA1 was found to crystallize in a tetragonal 
crystal system with lattice constants, a = 10.07 ft. and 
c = 14-.10 &. The Y^Alg pattern was one of considerable 
complexity. An attempt to index it pointed to the possi­
bility of a hexagonal unit cell with lattice constants, 
a = 6.15 and c = 9.68 , but this was not unequivocally 
established. 
At this point the composition of the aluminum-rich 
peritectic which forms at 980°C., on cooling, had not been 
determined. A powder pattern prepared from an alloy of YAli+ 
composition looked relatively sim .le, but it was found to 
contain several lines characteristic of metallic aluminum. 
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This indicated that the peritectic compound quite likely 
contained less aluminum than did the composition represented 
by YAl^. A pattern of YAl^ composition showed only traces of 
lines from both aluminum and YAlg. Indexing of the powder 
pattern for this YAl^ composition indicated possibly a simple 
cubic structure except for the presence of a few lines which 
could not be assigned to this structure. This prompted 
further investigation which led to a plausible interpretation 
of this diffraction pattern. 
In the attempt to determine more definitely the composi­
tion and structure of this aluminum-rich peritectic compound, 
x-ray diffraction patterns were prepared from some single 
crystals in this compound (12). These crystals were obtained 
by dissolving, in a hot 10 per cent sodium hydroxide solution, 
the eutectic matrix from an alloy containing about 30 weight 
per cent yttrium. Two different shapes of crystals were 
observed. Some were long needles having an approximately 
square cross section. The others were truncated hexagonal 
bipyramids in degrees of development varying from hexagonal 
platelets to approximately equiaxed shapes. 
From proportional counter intensity measurements on hkO 
Weissenberg layers, it was found that the needles are 
isostructural with ThAl^, the structure of which is well 
known (13). This structure is space group P63/nunc. Since 
YAI3 and ThAlg have the same structure, then the former has 
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two yttrium atoms at £ (2/3, 1/3, 1/4) and six aluminum atoms 
at £ (x, 2x, 1/4; x, x, 1/4; 2x, x, 1/4). For the yttrium-
aluminum compound, the value of x was determined to be about 
0.146. The reliability index, R, defined by the equation 
below, was reduced by a value of 0.034 for this postulated 
structure. 
_ illFpl - /Fell 
R 
" * Fol 
In this equation F0 and Fc are the observed and calculated 
structure factors, respectively. Measurements made on a 
powder pattern prepared from YAl^ needles gave approximate 
lattice constants, a = 6.31 ft. and c = 4.59 ft. This powder 
pattern, however, differed markedly from that obtained for 
the alloy which had an overall composition of YAl^. 
Single crystal Weissenberg data from one of the trun­
cated hexagonal bipyramids, assumed to be YAI3, showed a 
structure different from, but related to, that of the needles. 
A powder pattern prepared from a sample of those crystals 
having shapes other than needles was the same as that 
obtained for an alloy of YAI3 overall composition. The 
single crystal data on these bipyramids indicated possibly 
a rhombohedral unit cell. Indexing the powder pattern of 
the bipyramids on the basis of a hexagonal unit cell gave 
lattice constants, a = 6.18 ft. and c = 21.34 ft. Preliminary 
data indicate that this structure may be explained by a 
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stacking rearrangement of the same kind of layers as compose 
the needle structure. The large ç lattice constant for this 
structure could be explained on the basis of a stacking 
arrangement which repeats in nine atomic layers instead of 
the two layer repeat for usual hexagonal stacking as was 
found for the YAI3 needles. These data indicate that there 
are two crystal forms of YAI3 found in these alloys. 
Present indications are that the needle form of YAI3 is 
the one which forms as one constituent of the nine weight 
per cent yttrium eutectic and that the truncated hexagonal 
bipyramids crystallize as the primary phase from those alloys 
containing between 10 and 30 weight per cent yttrium. I11 
support of this hypothesis rather than the existence of an 
allotropie transformation in YAl^, the following evidence is 
given. On thermal analysis, an alloy of YAI3 overall composi­
tion shows no thermal arrests except those for the peritectic 
and the eutectic. When alloys containing 15 and 30 weight per 
cent yttrium are treated with caustic soda solution, the 
residues contain many and few needles, respectively. Similar 
dissolution of a six weight per cent yttrium alloy yields 
needles but no bipyramids. A sample of crystals other than 
needles was held for 165 hours at 620°C., which is just below 
the aluminum-rich eutectic temperature, and a powder pattern 
from this sample showed the bipyramid structure but no 
evidence of transformation to the needle structure. The 
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possibility that needles, if held at a temperature above the 
nine weight per cent yttrium eutectic temperature, might 
transform to the bipyramid structure has not yet been 
investigated due to the difficulty of obtaining a sufficient 
number of needles. 
From the thermal data discussed previously, a thermal 
effect had been noted at about 985°C. for alloys in the 
range of compositions between 86 and 89 weight per cent 
yttrium. By the same reasoning as applied to the locations 
of YA1 and Y^Alg, one would expect to find a compound of 
approximately YgAl composition. A diffraction pattern of 
this alloy composition showed such a large number of lines 
that the structure has not been resolved. 
D. Metallographic Studies 
Primarily to confirm some of the results obtained by 
other methods, metallographic studies were conducted on 
several yttrium-aluminum alloys. 
In accordance with standard metallographic laboratory 
practice, pieces of the alloys to be examined were mounted in 
bakelite. The resultant bakelite cylinders, containing the 
samples, were ground down on emery paper to expose the 
samples, as well as to produce reasonably flat surfaces. 
The last of the four successively finer grades of emery 
paper used was 600 grit. 
Following completion of this grinding, the specimens 
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were washed thoroughly with soap and water. The first of two 
polishing operations was then carried out on a rotating, 
canvas-covered wheel. For an abrasive, a suspension of 400 
grit carborundum in distilled water was used. After washing 
the specimens to remove any traces of carborundum abrasive, 
the final polishing was carried out on a rotating, velvet-
covered wheel with a water suspension of Linde B as the 
abrasive. 
When this operation was completed, the specimens were 
washed, rinsed and immediately etched. Those alloys on the 
aluminum-rich side of YAlg, as well as YAlg itself, were 
etched with a dilute (about one per cent) aqueous hydro­
fluoric acid solution. This etching was done by immersing 
the polished surface in the etchant for approximately one 
minute. On removal of the sample from this acid solution, 
the surface was rinsed with water and then with absolute 
alcohol, dried in a warm air stream and placed in a 
desiccator. For those alloys on the yttrium-rich side of 
YA12 ? a special yttrium etch consisting of 18 milliliters 
phosphoric acid, 4-5 milliliters methanol and 37 milliliters 
glycerol was used. This etchant was applied by swabbing. 
After this step the specimens were treated in the same way as 
those which had been etched with hydrofluoric acid. 
From the thermal data obtained previously, it had been 
found that the aluminum-rich eutectic was located at about 
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nine weight per cent yttrium. The photomicrographs shown in 
Figures 2, 3 and k corroborate this composition. The eight 
per cent yttrium alloy shows some of the primary aluminum-
rich phase, while the nine per cent alloy has practically a 
100 per cent eutectic structure. In the ten per cent alloy, 
there is evidence of the YAl^ phase. 
It was impractical to produce photomicrographs of those 
alloys having compositions near YAlg because such alloys were 
very spongy and quite readily crumbled from the bakelite 
mounting. The porous nature of these alloys was in part 
attributed to a shrinkage during the assumed reaction 
between the YAI2 crystals and the aluminum-rich liquid at the 
peritectic temperature to give YAI3 and in part to the 
contraction during subsequent solidification of the aluminum-
rich liquid phase. 
On the yttrium-rich side of YAlg, a slowly cooled, 
annealed 70 weight per cent yttrium alloy showed nearly equal 
quantities of primary dendrites of YAlg (62.23 weight per 
cent yttrium) and peritectic YA1 (76.72 weight per cent 
yttrium). It had been found by thermal analysis that this 
peritectic reaction between primary YAlg and liquid to form 
the YA1 occurs at 1130°C. The microstructure of this 70 
weight per cent yttrium alloy is shown in Figure 5* 
Figure 6 shows the microstructure of an alloy composed 
of approximately 80 weight per cent yttrium. This alloy was 
Figure 2. 8w/o yttrium. Furnace cooled. 1% HF etch. 
X100, Dark aluminum-rich phase in eutectic 
matrix. 
Figure 3. 9w/o yttrium. Furnace cooled. 1% HF etch. 
X100. Eutectic structure. 
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Figure 4. 10w/o yttrium. Furnace cooled. 1% HF etch. 
X100. Isolated white YAlo crystals in eutectic 
matrix. 
Figure 5» 70w/o yttrium. 22 hours at 900°C. Phosphoric 
acid, glycerine, methanol etch. X100. White 
YAlg in YAl matrix. 
28 
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composed of two structures, namely primary YAl and a eutectic. 
The black rods and rosettes were an unidentified material, 
possibly due to impurities. 
Attempts to locate the composition of this eutectic by 
metallographic examination of annealed, furnace-cooled alloys 
were not highly successful. Although a structure consisting 
entirely of eutectic was not obtained, it is believed that 
there is a eutectic in this region and that the composition 
at the eutectic point is about 82 weight per cent yttrium. 
From Figure 7 it can be seen that the microstructure of 
an 85 weight per cent yttrium alloy contains about equal 
amounts of primary Y^Alg (83.18 weight per cent yttrium) 
which has a melting point of 1100°C. and a secondary phase 
believed to be peritectic YgAl (86.83 weight per cent yttrium) 
which forms on cooling at 985°C. 
The photomicrograph of the 88 weight per cent yttrium 
alloy in. Figure 8 shows about equal quantities of eutectic 
structure and a primary phase. This eutectic is presumed to 
be the one which, on the basis of cooling curve data, con­
tains approximately 91 weight per cent yttrium. From consid­
eration of the relative amounts of the two structures observed 
it is quite likely that this primary phase is YgAl compound. 
Some unexplained black inclusions were present here also. 
The microstructures of 90, 91 and 92 weight per cent 
yttrium alloys shown in Figures 9, 10 and 11, respectively, 
Figure 6. 80w/o yttrium. 22 hours at 900°C. Phosphoric 
acid, glycerine, methanol etch. X100. Primary 
YAl plus eutectic. 
Figure 7. 85w/o yttrium. Furnace cooled. Phosphoric 
acid, glycerine, methanol etch. XLOO. 
Primary Y^Alp on background believed to be 
Y2A1. j 
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Figure 8. 88w/o yttrium. Furnace cooled. Phosphoric 
acid, glycerine, methanol etch. X100. Primary 
Y2A1 plus some eutectic. 
Figure 9. 90w/o yttrium. Furnace cooled. Phosphoric 
acid, glycerine, methanol etch. X100. Some 
primary YgAl in matrix of eutectic. 
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Figure 10. 91w/o yttrium. Furnace cooled. Phosphoric 
acid, glycerine, methanol etch. X100. 
Predominantly eutectuc structure. 
Figure 11. 92w/o yttrium. Furnace cooled. Phosphoric 
acid, glycerine, methanol etch. X100. Black 
yttrium dendrites in eutectic matrix. 
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substantiate the results of thermal analysis which indicated 
an yttrium-rich eutectic at 91 weight per cent yttrium at 
960°C. The first of the three photographs shows some primary 
dendrites, presumed to be YgAl, but a predominance of this 
eutectic. The 91 per cent alloy has a structure which is 
nearly all eutectic. In the last alloy, some yttrium-rich 
dendrites are present with the eutectic. 
E. Proposed Phase Diagram 
From considerations of the thermal, x-ray and metallo-
graphic data obtained in this investigation, an yttrium-
aluminum phase diagram is proposed. The diagram is shown in 
Figure 12. There are some points of disagreement between 
this diagram and those suggested in the previously cited 
reports. 
The most serious of these discrepancies involves the 
temperature of formation of the compound YAI3. The authors 
of the Denver Research Institute report (8) gave a peritectic 
temperature of 1355°C« connected with this compound, while 
the peritectic temperature reported here is 980°C. In the 
present effort, an alloy of YAlg composition was found to 
show a thermal effect at 1350°C., which is within experimental 
error of the peritectic temperature reported by the Denver 
Research Institute. However, from the diagram proposed here, 
it may be seen that this effect at 1350°C., for an alloy of 
YAI3 composition, has been interpreted as a point on the 
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liquidus and not as a peritectic temperature. 
Savitskii et al. (7> p. 1461) reported the compound 
Y2AI5 rather than YAlg as was found at the Denver Research 
Institute and at this laboratory. It was unfortunate that 
the alloys in this region of the diagram were not readily 
amenable to study by metallographic techniques. This made it 
necessary to depend essentially on x-ray data for determining 
the composition of this compound. The results of the single 
crystal diffraction studies leave little doubt that YAI3 is 
the proper stoichiometry for the compound in this region. 
These same authors also reported the solid solubility of 
yttrium in aluminum at the eutectic temperature to be between 
0.2 and 0.3 weight per cent. From observations made in the 
current investigation, the solid solubility at this temperature 
appears to be less than 0.05 weight per cent. 
Although the solid solubility of aluminum in yttrium was 
not studied extensively, it is believed, on the basis of 
observed yttrium-rich eutectic in the microstructure of a one 
weight per cent aluminum alloy, that the extent of any such 
solubility must be very limited. This observation is consist­
ent with atomic size factor considerations for these metals. 
That yttrium transforms allotropically from its room 
temperature close-packed hexagonal crystal structure to a 
body-centered form at a temperature near the melting point, 
has already been mentioned. The effect of aluminum additions 
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on this transition was not determined in this investigation. 
It was discovered that the compound YAl3 exists in two 
different, but related, crystalline forms. On the basis of 
experimental evidence, it was hypothesized that one form of 
this compound crystallizes as the primary phase from all 
hypereutectic alloys containing up to 30 weight per cent 
yttrium and that the other form is one of the two constituents 
in the nine weight per cent yttrium eutectic. There is, 
however, a possibility of a relationship between the 
crystallization of primary YAI3 and the observed discrepan­
cies in the temperature of eutectic formation in alloys in 
the region of the nine weight per cent eutectic. It has been 
noted that this temperature varies from 635 to 644°C. as the 
yttrium content increases to about 12 weight per cent. If it 
is assumed that at temperatures below 6M+°C. the needle form 
of YAI3 is the primary phase from the hypereutectic alloys 
and that these needles nucleate the eutectic, then the 
observed variation in this temperature with composition could 
be expected. Also on this basis, the association of needles 
with eutectic structure only would be consistent with obser­
vation. This 6kk°C. temperature could correspond to a 
transition temperature for the two forms of YAI3 which 
probably differ only slightly in energy. It is further 
assumed that the actual transformation does not occur in the 
solid crystals at this temperature because of a high energy 
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for the unstable intermediate configuration. If the primary 
aluminum-rich phase does not readily nucleate the eutectic, 
then, in the absence of such nucleation sites, a certain 
amount of undercooling would be expected for these alloys. 
This covld, in part, account for the lower eutectic formation 
temperatures which were observed for these hypoeutectic 
alloys. 
In this investigation the composition of the eutectic 
between the compounds YAl and Y^Alg was not precisely deter­
mined. This region was particularly troublesome because it 
represents such a narrow composition range. A detailed 
investigation of this area to locate this eutectic point 
would require numerous accurate thermal, metallographic and 
chemical composition data. 
Even though the various intermetallic compounds for the 
yttrium-aluminum system are shown in Figure 12 as line com­
pounds, there is a possibility that some solid solubility 
between adjacent compounds might be found. The extent of any 
such solubility was not investigated. 
It was mentioned in the section on x-ray studies that 
the structure of the intermetallic compound Y^Alg had not 
been definitely established. The complex YgAl structure was 
not resolved. The resolution of these tvo structures could 
well be a subject for further study. 
Figure 12. Proposed yttrium-aluminum phase diagram. 
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V. THERMOCHEMICAL STUDIES 
The observation of a large exothermal effect during 
alloy preparations stimulated interest in the determination 
of thermocheraical properties of some yttrium-aluminum alloys. 
By visual observation it was found that the largest heat 
effects occurred with those charges of yttrium and aluminum 
which would result in alloys near YAlg in composition. It 
was decided to attempt to determine, by combustion calorim-
etry, the heats of formation of the compounds YAI3, YAI2 and 
YAl. For this phase of the alloy studies, a plain jacket 
Parr oxygen bomb calorimeter was used. 
After the instrument had been calibrated, several 
attempts were made to determine the heat of combustion of 
aluminum. Early attempts were unsuccessful because the 
filings could not be ignited by the hot fuse wire. It was 
found that a small quantity of benzoic acid placed on the 
filings was easily ignited and in turn acted as a trigger to 
initiate combustion of the metal. For this purpose a quan­
tity of reagent grade benzoic acid was pelletized, and one-
half pellet was used to ignite each charge. 
On inspecting the bomb after the first successful firing 
of an aluminum charge, it was found that the bottom portion 
of the crucible, which had contained the charge prior to 
firing, had melted. Further difficulties of this kind were 
prevented by using a liner in the crucibles. This liner 
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material was Norton type 38 Alundum, screen size 220F. The 
crucibles were lined by pressing a paste, consisting of this 
alundum and water, into the crucibles with a mandrel. After 
drying, the liner had sufficient strength to retain its shape 
and contain the charge. A drawing of the calorimeter as it 
was used is shown in Figure 13. 
The weighed metal charge was placed in the lined crucible 
and the benzoic acid placed on top of the metal. After the 
loaded crucible had been placed in the supporting loop, the 
fuse wire was positioned just slightly above the acid pellet 
and the bomb was assembled. The bomb was then filled with 
oxygen to 30 atmospheres pressure and was then put into the 
can containing a weighed quantity of water, at a temperature 
slightly below that of the room. After completing the 
assembly, the stirrer was started and the thermometer was 
inserted. After a few minutes, when the bomb and water had 
virtually reached thermal equilibrium with one another, as 
indicated by a nearly constant temperature, the charge was 
fired by passing an electrical current through the fuse wire. 
Temperature readings were then taken to an accuracy of 
£ 0.005°c., at one minute intervals until a maximum was 
reached. The heat liberated was calculated by taking the 
product of temperature rise and calorimeter water equivalent. 
It was, of course, necessary to deduct from the total heat 
liberated that portion due to the combustion of the benzoic 
Figure 13. Oxygen-bomb calorimeter with lined crucible. 
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acid. Standard corrections were made for the heat of combus­
tion of the fuse wire and for heat exchange with the 
surroundings. 
The heats of formation of the yttrium-aluminum compounds 
were calculated by applying Hess's law (l4). This law states 
that the enthalpy change for a chemical reaction is independ­
ent of any intermediate reactions that may occur. In the 
present case, the overall reaction was the burning of yttrium 
and aluminum to the respective oxides, and the intermediate 
reaction was that between the two metals to form intermetallic 
compounds. Thus, by taking the difference between the heats 
of combustion of these compounds and the heats of combustion 
of roughly equal weights of mixtures of yttrium and aluminum 
in the same proportions as in the compounds, the heats of 
formation of the compounds were obtained. 
The heat of formation of aluminum oxide was found to be 
395 kilocalories per mole, which is in reasonable agreement 
with the generally accepted value of 400 kilocalories per 
mole. The heat of combustion of yttrium was also determined. 
It was found to be 457 kilocalories per mole of yttrium oxide 
formed. This value does not differ significantly from the 
value of 455.45 £ «54 kilocalories per mole reported by Huber 
et al. (15). By calculations employing Hess1s law, the heats 
of formation of the compounds YAl^, YAlg and YAl were found to 
be about 45, 58 and 42 kilocalories per mole, respectively. 
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No data on these heats of formation were found in the 
literature. 
It should be noted here that the YAl^ and YAl alloys 
used in this work and the hydriding work reported in the next 
section were alloys whose over-all compositions corresponded 
to these formulas. Since both of these compounds form by 
peritectic reactions, it is possible that such reactions were 
incomplete. For this reason, some deviation would be expected 
between the values reported above and the true values of the 
heats of formation of these two compounds. 
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VI. HYDRIDING STUDIES 
The interest of the Atomic Energy Commission in hydrides 
of yttrium and zirconium in connection with its Aircraft 
Nuclear Propulsion program was the reason for conducting an 
investigation into the effect of aluminum on the hydrogen 
absorbing capacity of yttrium. In this study various 
compounds in the yttrium-aluminum system were hydrided in the 
temperature range of 4-00 to 700°C. 
This experimental work was done using a modified 
Sievert1 s apparatus. The particular modification was one 
suggested by Rexer*. The apparatus consisted essentially of 
a quartz reaction tube surrounded by a resistance furnace, a 
measuring chamber connected to a manometer and a quantity of 
uranium hydride for a source of purified hydrogen. A drawing 
of the apparatus is shown in Figure 14. 
The first step in the calibration of the system was to 
measure the volume of water require- to fill the quartz 
reaction tube. After the water had been removed from this 
reaction chamber and the tube had been dried, it was connected 
to the rest of the system. The measuring and reaction 
chambers were then filled with hydrogen at a pressure of 
approximately one atmosphere as indicated by the difference in 
mercury levels in the two legs of the manometer. After the 
*Rexer, J., Ames, Iowa. Design of hydriding apparatus. 
Private communication. 1959. 
Figure l4. Schematic diagram of hydriding apparatus. 
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valve between the measuring and reaction chambers had been 
closed, the former chamber was evacuated. Then the hydrogen 
in the reaction tube, the pressure and volume of which were 
known, was expanded into the measuring chamber. Since 
hydrogen at pressures not greatly exceeding one atmosphere 
and normal room temperature behaves very nearly as an ideal 
gas, the volume of the measuring chamber was calculated using 
the ideal gas law. 
Inasmuch as the manometer was connected directly to the 
measuring chamber, the volume of this chamber depended on the 
position of the mercury in the manometer tube. Thus, this 
calculated volume was valid only for one specific manometer 
reading. By measuring the inside diameter of the manometer 
tubing and, from this, calculating the cross sectional area 
of the manometer tube, the change in ths volume of the 
measuring chamber per centimeter of mercury movement in the 
manometer was obtained. From the volume determination 
carried out for the specific manometer reading, it was 
possible to relate the volume of the measuring chamber to the 
manometer reading by a linear equation. 
V = 184.7 - 0.246R 
In this equation V represents the volume of the measuring 
chamber in cubic centimeters and R the reading in centimeters 
at the top of the mercury column in that leg of the manometer 
which was connected directly to the measuring chamber. A 
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plot of this equation is shown in Figure 15. 
It was recognized early in this investigation that, for 
any fixed amount of hydrogen, if the reaction tube were hot, 
the pressure readings would be higher than if the reaction 
tube were at room temperature. Since all pressure readings 
were made with the reaction tube hot, it was necessary to 
correct each reading to the value it would have were the 
entire system at room temperature. A valid calculation of 
this effect on pressure would have required numerous data on 
that portion of the system over which the temperature gra­
dient existed. For this reason the following method was 
used for correcting the pressure readings to their room 
temperature values for use in calculating, by the gas law, 
the amounts of hydrogen added. The two chambers were filled 
with hydrogen to a pressure slightly below atmospheric and at 
room temperature. When the furnace was turned on and had 
come to a steady temperature, a second pressure reading was 
taken. This procedure was repeated at different temperatures. 
By dividing the original room temperature pressure by each of 
these pressures observed at various temperatures, a factor 
was obtained for each furnace temperature. For convenience, 
these correction factors were plotted against furnace 
temperature as is shown in Figure 16. Thus, to correct 
experimental pressure readings to their room temperature 
values for use with room temperature in gas law calculations, 
Figure 15. Variation of measuring chamber volume with 
manometer reading for hydriding apparatus. 
Figure 16. Variation of pressure correction factor with 
furnace temperature. 
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it was necessary only to multiply the pressure reading by the 
furnace temperature correction factor obtained from the plot. 
When this preliminary calibration work had been com­
pleted, investigation of the hydrogen capacity of the metal 
samples was initiated. Each accurately weighed sample was 
placed in the reaction tube and the tube was connected by 
means of a wax-sealed tapered joint to the rest of the 
apparatus. The entire system was evacuated and the furnace 
was turned on to heat the sample to the desired temperature. 
After the furnace temperature had reached its steady state 
value, hydrogen, generated by thermal decomposition of the 
uranium hydride, was introduced into the measuring chamber 
only. After the hydrogen in the measuring chamber had 
reached a constant pressure, it was allowed to enter the 
reaction chamber. Successive additions of hydrogen were 
made to the system until the pressure of hydrogen over the 
sample was approximately one atmosphere. The quantity of gas 
added to the reaction chamber in each step was calculated 
from the volume and pressure values in the measuring chamber 
before and after each of these additions. Due to the 
relatively small size of the metallic samples which were 
hydrided, it was necessary to deduct from the total hydrogen 
added to the reaction chamber that quantity of unabsorbed gas 
which remained in this chamber after the final addition. 
Inasmuch as the rate of hydrogen absorption increases 
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with temperature, the samples were hydrided first at a 
temperature near the top of the *+00 to 700°C. range so that 
the major portion of the gas would be absorbed at a relatively 
rapid rate. 
The data obtained as a result of this investigation are 
presented in Figure 17. It was interesting to note that, as 
a fair approximation, the quantity of hydrogen absorbed per 
atom of yttrium by the compounds Y^Alg, YA1 and YAlg was 
proportional to the atomic per cent of yttrium in each com­
pound. The compound YAl^ was found to absorb no hydrogen in 
this temperature range. 
As a result of x-ray powder pattern work, it was found 
that YAlg retains its face-centered cubic structure on 
hydriding and that the lattice constant of the hydrided 
compound differs from that of the compound before hydriding 
by less than O.COJL 
Figure 17. Variation of amount of hydrogen absorbed with 
temperature for several yttrium-aluminum 
compounds. 
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VII. MECHANICAL TESTING 
A. Objectives 
Many of the present applications of aluminum are 
possible because of the hardening and strengthening effects 
which other elements have on aluminum. For this reason it 
was of interest to investigate the effect of yttrium on 
mechanical properties of aluminum. 
B. Hardness Testing 
The hardness values of various alloys in the yttrium-
aluminum system were determined with a Kentron microhardness 
tester in which a Vickers diamond pyramid indenter was used. 
Since a polished surface is desirable for this type of 
hardness testing, the readings were taken on specimens which 
had been polished for metallographic examination. An attempt 
was made to adjust the load applied to the penetrator so that 
the lengths of the diagonals to be measured were not less 
than 100 Filar units. By converting the eyepiece readings to 
microns, the Vickers pyramid hardness numbers could be 
obtained directly from a table. The results of the hardness 
testing are given in Table 3» 
For samples in the annealed condition, it was observed 
that the addition of yttrium to aluminum to give the 
aluminum-rich eutectic and of aluminum to yttrium to give the 
yttrium-rich eutectic resulted in only a moderate increase in 
60 
hardness over that of each of the parent metals. All com­
pounds tested were very hard, and some were so brittle that 
the hardness could not be truly evaluated. 
Table 3. Vickers pyramid hardness of some yttrium-aluminum 
alloys 
Alloy Hardness (D.P.H.) 
99.99# A1 15 
0.1 w/o Y 18.5 
0.5 W/o Y 18.5 
6 w/o Y 32.5 
9 w/o Y 34 
YAlo 388 
YAlp brittle 
YA1 240 - 320 
YoAlp brittle 
91 w/o Y 120 - 200 
Y metal 117.5 
C. Tensile Testing 
In this investigation alloys having nominal compositions 
of one-tenth, one, four, nine and fifteen weight per cent 
yttrium were prepared in alumina crucibles having an inside 
diameter of approximately one and one-quarter inches. In 
order to eliminate, to as great an extent as possible, the 
shrinkage pipes in these alloys, the crucibles containing 
them were cut off just above the level of the solidified 
metal and a lid was fastened onto each crucible. The 
crucibles were then placed in a furnace with their 
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longitudinal axes horizontal, and the alloys were remelted. 
In this way the shrinkage on solidification was spread over a 
larger area, and as a result only a shallow shrinkage pipe 
was formed. 
After these alloys had been rough-machined to a diam­
eter of about one inch to remove any alumina embedded near 
the surface and to remove the majority of the effect of the 
shrinkage cavity, they were rotary swaged to a diameter of 
three-eighths inch. These swaged rods were cut into pieces 
of sufficient length for machining tensile specimens having 
a one-inch gage length with a diameter of one-quarter inch. 
Prior to machining the gage length sections, these specimens 
were threaded on each end to fit the adapters on the testing 
machine. 
The machined specimens were sealed, in pairs, in pyrex 
tubing under vacuum. For annealing the tensile specimens, 
these sealed tubes, containing the specimens, were placed 
in a furnace at 4lO°C. for two and one-half hours. The 
furnace temperature was then decreased slowly to 260°C., at 
which temperature it was held for two hours. At the end of 
that time, the furnace was turned off and allowed to cool to 
room temperature. The specimens were then removed from the 
pyrex tubes, polished with 600 grit emery paper and the 
diameters of the gage lengths were measured to an accuracy 
of £ 0.0002 inch with a micrometer. In order that elongation 
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data could be obtained from the specimens after fracture, 
very light marks were made with a pair of pointed dividers to 
indicate the original one-inch gage length. 
The testing of specimens was carried out using a Tinius-
Olsen Universal Testing Machine equipped with an extensometer 
and an X-Y recorder. This recorder plotted load on one 
coordinate and extension or strain of the specimen on the 
other. In the pulling of all specimens, a strain rate of 
0.020 inch per minute was used. 
The tensile strengths of the specimens were calculated 
by dividing the maximum load for each specimen by the original 
cross-sectional area. Yield strengths were calculated in a 
similar manner, except that the yield loads were used in 
place of the maximum loads. These yield loads were taken as 
the loads at the points of intersection, with the load-strain 
curves, of lines drawn parallel to the elastic portions of 
the load-strain curves and offset from them by 0.2 per cent 
of the gage length. Elongation data were obtained by placing, 
in contact with one another, the fracture faces of the two 
halves of the specimens and measuring the resultant distances 
between the divider marks. The elongation was calculated by 
dividing the difference between final and initial lengths by 
the initial length and expressing the result as a per cent. 
Inasmuch as some variation in properties was noted among 
the various specimens made from the same bar, it was deemed 
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necessary to determine more precisely the composition of each 
specimen. In anticipation of this, turnings from each speci­
men had been collected during the machining operation. The 
analytical work was done by a method suggested by Fritz et aL 
(16). Essentially, this method involved a titration of the 
yttrium with a solution of ethylenediaminetetraacetic acid 
after masking the aluminum with sulfosalicylic acid. The 
end-point of the titrations was taken as the violet to red-
orange color change of the arsenazo indicator. 
Representative data obtained on the tensile properties 
of various compositions of the annealed samples are shown in 
Table b. 
Table 4-. Mechanical properties of annealed yttrium-aluminum 
alloys 
Composition Yield strength Tensile strength Elongation 
(p.s.i.) (p.s.i.) % in one inch 
99.99# A1 3,015 6,135 59 
0.10 w/o Y 3,355 7,630 61 
0.85 w/o Y 3,745 9,370 52 
3.76 w/o Y 7,Oi+5 13,095 3*+ 
8.50 w/o Y 5,370 12,225 29 
11.26 w/o Y 8,385 15,065 18 
In addition, a few cold-worked tensile specimens were 
not annealed before testing. In general, these specimens 
showed some increase in tensile strength and a considerable 
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decrease in ductility as compared to the annealed specimens 
of corresponding compositions. The load-strain curves for 
the cold-worked specimens showed a sharp drop in load at, or 
immediately following, the maximum of the elastic portions of 
the curves. For this reason, yield strengths could not be 
obtained for these specimens. 
From these results it can be seen that, while yttrium 
does increase the strength of aluminum, the strengths of the 
alloys are low compared with most commercially available 
aluminum alloys. On the basis of the known phase diagram 
relationships, in particular the low solid solubility of 
yttrium in aluminum, these alloys would not be expected to 
lend themselves to significant precipitation hardening, 
which could result in an appreciable improvement of mechani­
cal properties. 
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VIII. CORROSION STUDIES 
A. General Considerations 
The use of aluminum and its alloys in contact with water 
as a coolant in nuclear reactor applications at temperatures 
over 200°C. has been made practical by alloying aluminum with 
such metals as nickel, copper, cobalt, iron or platinum or by 
adding cations of these metals to the water to act as 
inhibitors (17). The possibility that the use of yttrium as 
an alloying element might render aluminum resistant to 
corrosion by high temperature water was investigated. Various 
yttrium-aluminum alloys were tested for their resistance to 
corrosion in water at 100, 200 and 315°C. A limited amount 
of work was also done on some yttrium-aluminum alloys in 
regard to their oxidation resistance in air at elevated 
temperatures. 
B. Water Corrosion 
The high temperature water corrosion testing at the 
lowest of the three temperatures was carried out in boiling 
water contained in a flask to which was attached a reflux 
condenser. The accurately weighed samples were placed in 
the water and tested individually. After each sample had 
been in the water for several hours, it was removed, dried 
and weighed. The results of this testing procedure are 
given in Table 5* 
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Table 5* Corrosion testing of yttrium-aluminum alloys in 
boiling water 
Alloy Length of test Initial weight Final weight 
(hr.) (gm. ) (gm. ) 
99.99# A1 21 0.3997 0.4010 
6 w/o Y 29 0.6880 0.6887 
9 w/o Y 18 0.7424 O.7432 
25 w/o Y Hi 0.8136 0.8200 
YAlq 12 0.5800 0.5798 
YA12 12* 0.3214 0.3229 
YA1 12 0.8762 0.8765 
69 w/o Y 13 0.6911 0.6922 
Y3AI0 
91 w/o Y 
10 0.6356 
0.2141 
0.6358 
11 0.2139 
Y metal 12 0.5369 0.5371 
A visual inspection of each of these samples after 
completion of the test revealed that a film, which resulted 
in some discoloration, had formed on some of the specimens. 
However, on the basis of the small weight change and the lack 
of appreciable visible damage, it was felt that all samples 
had withstood the test well enough that testing at 200°C. was 
warranted. 
Inasmuch as water at 200 and 3i5°C. exerts pressures of 
about 225 and 1530 pounds per square inch absolute, respec­
tively (l8), special apparatus was needed for containing the 
water at these temperatures and pressures. For this purpose 
stainless steel pressure vessels, each about eight inches in 
height and having an inside diameter of one inch and a wall 
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thickness of five-eighths inch, were used. The vessels were 
closed by means of screw caps which forced stainless steel 
plugs against silver sealing gaskets. In order to reduce the 
effects of possible galvanic couples between these containers 
and the alloys being tested, the samples were placed in pyrex 
liners inside the vessels to prevent metallic contact. 
Figure 18 shows a longitudinal section of one of these 
pressure vessels containing a sample and the water. 
The sealed vessels containing the samples were placed on 
a grating in a furnace, so constructed that hot air was force-
circulated around the vessels. The temperature in the furnace 
was maintained by a recording electronic controller which 
responded to the potential of a chromel-alumel thermocouple. 
A diagram of this furnace, containing, for simplicity, one 
pressure vessel, is shown in Figure 19. 
For the 200°c. corrosion testing, the pressure vessels 
were allowed to remain in the furnace for approximately 2b 
hours. At the end of that time, they were removed from the 
furnace, cooled in cold water and opened. The samples were 
recovered and examined. In Table 6 weight data as well as 
the results of visual inspection for this series of tests are 
given. 
As a result of this study it was seen that only the 
yttrium-rich eutectic and the four compounds tested had 
withstood exposure to the 200°c. water. Thus, samples of 
Figure 18. Longitudinal section of stainless steel 
corrosion pressure vessel. 
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Figure 19. Schematic diagram of furnace for corrosion pressure vessels. 
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Table 6. Corrosion testing of yttrium-aluminum alloys in 
water at 200°C. 
Alloy Initial weight 
(gm. ) 
Final weight 
(gm. ) 
Remarks 
99.99^  A1 0.9535 — —  largely reduced 
to powder 
1 w/o Y 0.6813 —  —  some powder : 
badly corroded 
8 w/o Y 0.5314 — —  layers peeled 
off; badly 
corroded 
10 w/o Y 0.4383 —  - dark, flaky 
layers 
yai3 1.6997 1.7174 slight discolor­
ation 
yai2 0.3516 0.3518 no visible evi­
dence of attack 
YA1 0.8782 0.8773 no visible evi­
dence of attack 
y3ai2 0.6634 o.6588 slight discolor­
ation 
91 w/o Y 0.8423 0.8425 slight discolor­
ation 
99 w/o Y 0.7024 — —  some powder ; 
badly corroded 
Y metal 0.7761 —  —  almost all powder 
alloys of only those compositions were submitted to the test 
at 315°C. 
The initial testing conducted at 3l5°C. was done in the 
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same manner as that which had been done at 200°C. On inspec­
ting the contents of the pressure vessels at the conclusion 
of this test, it was found that the pyrex liners had been 
adversely affected to the extent that they had turned 
completely white and had undergone considerable swelling. 
Fused quartz liners were fabricated to replace the pyrex. 
After this change had been made, no further difficulties were 
encountered with the liners in the corrosion testing program. 
The results of the testing which was done at 3l5°C. are given 
in Table 7» 
Table 7. Corrosion testing of yttrium-aluminum alloys in 
water at 315°C. 
Alloy Initial weight Final weight 
(gm.) (gm.) 
Remarks 
YAI3 0.3092 — — partially re­
duced to powder 
YA12 0.2700 0.2700 slight blue 
discoloration 
YA1 0.3252 —  —  reduced to 
powder 
Y3AI2 0.3630 — —  reduced to 
powder 
91 w/o Y 0.6905 —  —  reduced to 
powder 
7^ 
From the results of the water corrosion testing it may 
be seen that only the compound YAlg stood up well at all 
three of the temperatures. In spite of its good corrosion 
resistance under the conditions of these tests, the applica­
tions of this alloy will probably be limited by its brittle-
ness which was observed earlier in the study of these alloys. 
C. Air Corrosion 
Several yttrium-aluminum alloys were tested for their 
resistance to oxidation in air at elevated temperatures. 
This testing was done by placing the weighed samples, 
contained in alumina crucibles, in a furnace at a desired 
temperature. It was recognized that the humidity of the air 
in contact with the samples could affect the oxidation rate. 
In these tests the furnace was not isolated from the room; 
thus, the air in the furnace was subject to the day-to-day 
fluctuations of humidity. The results of this testing are 
given in Table 8. 
From these observations it appears that the YAl^ was 
practically unaffected and that the 38 and 92 weight per cent 
yttrium alloys had stood up reasonably well. These last two 
samples were tested for an additional 35 hours at 300°C. in 
order to get further information on their oxidation behavior. 
At the end of this exposure, the samples weighed 0.5267 and 
0.2128 grams, respectively. Each of these samples had 
Table 8. Oxidation testing of yttrium-aluminum alloys in air 
Alloy 
Temper- Duration Initial 
ature of test weight 
(°C.) (hr.) (gm.) 
Final 
weight 
(gm. ) 
Remarks 
YA13 700 22 0.0396 0.0395 slight discoloration 
YAI2 700 22 0.1800 0.1885 darkened, fragmented 
YA1 800 18 0.2389 — —  crumbled 
Y^ALG 800 18 0.1677 —  —  fractured; somewhat 
oxidized 
Y2AI 800 18 0.4674 0.4881 darkened considerably 
88 w/o Y 800 18 0.4889 0 . 5054 shiny film 
92 w/o Y 800 18 0.1961 0.2040 shiny film 
99 w/o Y 800 18 0.1254 — — moderately oxidized 
Y metal 800 18 0.3318 — — extensively oxidized 
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retained its shiny film, but there was some yellow-white 
oxide present. From the observations on these two alloys, 
is felt that the weight-gain data were sufficient to limit 
seriously their possible usefulness at this temperature. 
There still remains the possibility that these and other 
yttrium-aluminum alloys might be useful in air at other 
temperatures. 
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IX. SUMMARY 
A proposed yttrium-aluminum phase diagram was developed 
from data obtained by thermal analyses, x-ray diffraction and 
rnetallcgraphic techniques. Three peritectic compounds, YAl^, 
YAl and Y^Al, having respective formation temperatures, on 
cooling, of 980, 1130 and 985°C., were found. Also, compounds 
corresponding to the formulas YAI2 and Y3AI2> having congruent 
melting points of 1485 and 1100°C., respectively, were 
observed. Eutectics at nine and ninety-one weight per cent 
yttrium with temperatures at 640 £ 5 and 960°C. , in that 
order, were confirmed. Thermal data indicated a eutectic 
horizontal between YAl and Y3AI2 at 1088°C., but from data 
obtained by metallographic examination of alloys, in 
addition to those data from cooling curves, the composition 
could not be determined with certainty. It was estimated 
to be at about 82 weight per cent yttrium. 
Crystal structure data were obtained on some of the 
compounds in the yttrium-aluminum system. It was deduced 
from x-ray powder patterns that the compound YAl crystallizes 
as a tetragonal unit cell having lattice constants, a = 10.07 
A. and c = l4.1ojL In agreement with the work of others, the 
lattice constant of the face-centered cubic compound, YA12> 
was determined as 7.86Â. For the compound YAI3, preliminary 
powder pattern and single crystal data indicate that the 
crystallites of this compound which solidify from the melt 
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at temperatures above 644UC. can be indexed as a hexagonal 
unit cell with lattice constants, a = 6.18&. and c = 21.34&. 
Furthermore, the YAl^ which, together with aluminum-rich 
solid solution, constitutes the nine weight per cent yttrium 
eutectic,. was found to possess a hexagonal structure with 
lattice constants of 6.31 and 4.59&« for a and ç, respec­
tively. 
By combustion calorimetry the heats of formation of the 
compounds YAl^, YAlg and YAl were found to be about 45, 58 
and 42 kilocalories per mole, respectively. 
The effect of aluminum on the hydrogen absorbing 
capacity of yttrium in the temperature range of 400 to 700°C. 
was investigated. For yttrium, Y^Alg, YAl and YAlg, the 
amount of hydrogen absorbed per atom of yttrium was 
approximately proportional to the atomic per cent yttrium in 
each sample. On hydriding, the compound YAJL2 was found to 
retain its face-centered cubic structure, the lattice con­
stant differing from that of the compound before hydriding 
by less than 0.0l2. The compound YAl^ was found to absorb 
no hydrogen in this temperature range. 
Some effects of yttrium on mechanical properties of 
aluminum were investigated. The addition of yttrium to 
aluminum results in a moderate increase in yield and tensile 
strength and a corresponding decrease in ductility. As a 
result of the limited work which was done on the mechanical 
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properties of yttrium-aluminum alloys, no alloys tested were 
found to be sufficiently outstanding to warrant an extension 
of this work at the present time. 
The resistance of various yttrium-aluminum alloys to 
corrosion by water at 100, 200 and 315°C. and to oxidation in 
air at elevated temperatures was studied. Only the compound 
YAlg exhibited good resistance to water corrosion. Even 
though this corrosif, resistance and the high hardness of 
this alloy would make it desirable for some applications, its 
usefulness would be severely limited by its brittleness. The 
YAI3 and the 38 and 92 weight per cent yttrium alloys showed 
considerable resistance to high temperature air oxidation. 
Here, too, the lack of ductility would pose as a serious 
restriction in possible applications. 
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XII. APPEMDIX 
Table 9. Correlation of phase diagram features with representative 
composition-temperature data from cooling curves on 15 0 
yttrium-aluminum alloys 
Compo­ Liq- Eutectic Pari- Peri- Eutectic Peri- Eutectic 
sition uidus tectic tectic tectic 
1 w/o I 656%. 655°0. 
5 651 05 
5 644 658 
7 641 640 
9 640 640 
11 675 642 
15 706 644 
15 742 644 
21 822 644 
27 915 644 
50 959 644 
52 1005 644 974°C. 
5 6 1085 644 977 
42 1179 644 979 
47 1261 644 979 
51 1542 647 985 
57 1412 645 979 
62* 1485 
1150%. 70 1451 - - -
75 1402 - - - 1150 
76 1511 - - - 1128 
1075°C. 78 1145 - - - -
80 1106 - - - - 1088 
82 1088 - - - - 1088 
85* 1101 - -
970°C. 84 1097 - - - -
961%. 86 1062 - • — - - 987 
87 1059 - — - - - 986 964 
88 1005 - - - - - 982 961 
89 987 - - - - - - 967 
90 968 - - - - - 966 
91 964 - - - - - - 964 
95 1156 - - - - - - 959 
96 1526 - - - - - - 959 
•approximate composition of compound 
